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ABSTRACT 


Fracture toughness data, as represented by the critical stress intensity factor, K;,, and the fracture 
energy, Y, have been compiled from publicly accessible sources for a wide range of brittle 
materials with an emphasis on structural ceramics and closely related materials. The results are 


organized according to the material designation and are presented in annotated tables. 


Key Words 


Brittle materials; ceramics; data; database; fracture toughness; structural ceramics 


Table of Contents 
PND SUT ACtie eee ee oil 1 
Mable;OmC ontentsci2)5.08..0 Sik beseeseasseceerec ee 1 
PAU INET.O GU CHOM Soo. soci os eouisessesgensee laste aae 2 
2. Organization of the Data.................0....... 4 
3. Notation and Conventions....................... 4 
3.1 Measurement Methods....................... 4 
3.2 Property, SYMDOIS..2.:.......42.. wee / 
SES IO IMES eee cece rs sgt cc es a) 
S24 UW NCeMtalnttes: coo. 66.c ces ecsccscce te Sees Ae. fl 
4s IndextofMateritals.....2..-i.ss--c-sssdseseasoneess! 8 


A DleS OR Watare cin sek occ ces ches he lee 11 


1. Introduction 


Brittle materials are subject to rapid crack 
extension upon the application of tensile 
stresses. The capacity of a material to resist 
the extension of a crack is called fracture 
toughness.” 


Analytical descriptions of fracture behavior 
are commonly based on linear stress analysis. 
In this approach, the focus is on the stress in 
the vicinity of a crack tip where the curved 
boundaries lead to an enhanced stress state. 
A parameter, K, called the stress intensity 
factor, is introduced as a measure of the 
enhanced value of the stress. The symbol 
K,, called the Mode I stress intensity factor, 
is used for the particular case of tensile crack 
extension. The critical value of the stress 
intensity factor, K;,, commonly called the 
fracture toughness, is defined as the value at 
which bond rupture occurs at the crack tip. 
Linear stress analysis for tensile cracks leads 
to the relation 


Ke = WE 2B (1) 


where E’ = EF for plane stress and 

E’= E/(1-v’) for plane strain; E is the elastic 
modulus; v is Poisson's ratio; I’ is the 
mechanical energy release rate for fracture; 
and 2c, is the initial crack size. The quantity, 
y =I72, is often called the fracture energy 
and is reported more commonly than I. 
Values of K,, and y are given in the present 
compiliation. 


Several procedures for estimating fracture 
toughness involve measuring the fracture 
strength, 0, of a cracked specimen and then 
evaluating the fracture toughness in the form 


ae © Gey (2) 


where Y is a dimensionless numeric factor 
that depends on the test configuration and 
the shape of the initial crack.* Numerous 
experimental designs have been developed in 
attempts to minimize the uncertainties in the 
value of K;,, arising from the geometric 
uncertainties of the test configuration and the 
initial crack. 


The present report presents a compilation of 
fracture toughness (K,,) and fracture energy 
(y) values for a wide range of brittle 
materials determined by a variety of test 
methods. The results are obtained primarily 
from publicly accessible published sources; in 
all cases, the sources of the data and the 
methods used in the measurements are cited 
explicitly. The measurement methods are 
described in Section 3.1. 


Overviews of the data are provided by 

Fig. 1, which shows a distribution of all the 
fracture toughness values reported in the 
compilation, and Fig. 2, which shows a 
distribution of the fracture energy values. It 
can be seen that most of the toughness 
values are less than 8 MPa‘m’”. The 
smallest reported value is 0.16 MPa-m’” for 
cracks parallel to a cleavage plane of a 
sodium B-alumina single crystal.* Normal to 
that plane, the toughness for this crystal is 
2.0 MPa-m’”. The unusual toughness values 
greater than 10 MPa-m’” were reported for 
various stabilized tetragonal zirconia 
polycrystals.*° 
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2. Organization of the Data 


Results are grouped by the material 
designation (a chemical formula, a common 
name, or a commercial name). A list of 
designations is given in section 4. Each 
material designation is presented separately. 
Therefore, each table begins with a brief 
description of the material, starting with the 
material designation. The references for the 
data are given in each case after the material 
is defined. Each table ends with an 
annotated summary of the numeric data 
which are presented in a fixed format. In all 
cases, the column headers clearly define the 
content. 


3. Notation and Conventions 


A small number of conventions, 
abbreviations, and special symbols are used 
in this report so that the space allocated for 
comments within the data tables can be used 
efficiently. For example, abbreviations and 
acronyms are used to indicate the 
measurement methods used in determining 
the property values. 


3.1 Measurement Methods 


AMDCB = Applied Moment 
Double Cantilever Beam 
CF = Controlled Flaw 
CNB = Chevron Notch Beam 
DCB = Double Cantilever Beam 
DT = Double Torsion 
HI = Hertzian Indentation 
ICS = Indentation Crack Size 
IS = Indentation Strength 
NDC = Notched Diametral Compression 
SCF = Surface Crack in Flexure 
SENB = Single-Edge Notched-Beam 


SEPB = Single-Edge Precracked Beam 

SR = Short Rod 

TDCB = Tapered Double Cantilever Beam 
WOF = Work of Fracture 


Extensive discussions of measurement 
methods and their relative merits are given 
by S. W. Freiman, American Ceramic 
Society Bulletin, Vol. 67, pp. 392-402 
(1988); S. W. Freiman in Fracture 
Mechanics of Ceramics, Vol. 6, edited by R. 
C. Bradt et al., Plenum, New York (1983), 
pp. 27-45; and J. B. Wachtman, Mechanical 
Properties of Ceramics, John Wiley & Sons, 
Inc., New York (1996), chapter six. A 
summary of the methods noted in the present 
compilation is given here, along with 
additional references, as needed. 


Many of the test methods involve a notched 
specimen. To unify the summaries of those 
methods, let us assume that the specimen, 
Fig. 3, is a parallellapiped whose pairs of 
opposite faces may be referred to as (top and 
bottom), (front and back), and (left side and 


Figure 3: Schematic of a notched specimen 


right side). The notch can then be assumed 
to be cut into the top surface towards the 
bottom surface, parallel to the sides, and 
extending completely across the specimen 
from the front surface to the back surface. 
The depth of the cut, cp, is less than the 
distance, /, from the top surface to the 
bottom surface. 


3.1.1 AMDCB = Applied Moment Double 
Cantilever Beam 
This method is also known as the constant 
moment double cantilever beam method. 
The AMDCB method is similar to the DCB 
method, but the applied load is replaced by 
an applied moment, MZ, applied to the top 
surface. If a load P is applied at a distance s 
from a fulcrum, then a moment = Ps is 
generated. A moment, M, is applied to each 
arm of the notched specimen. Then, K,, = 
Mi(Id)"”, where I is the moment of inertia of 
a single arm and d is the distance from the 
front surface to the back surface. The 
applied stress intensity factor is independent 
of the initial crack length. 


3.1.2 CF = Controlled Flaw 

The name "controlled flaw" has been 
superseded by the name "surface crack in 
flexure" although the older name still enjoys 
some usage. The controlled surface flaw and 
controlled microflaw methods are equivalent 
also. See SCF for further discussion. 


3.1.3 CNB = Chevron Notch Beam 

The notch is cut in the shape of a chevron, 
and the specimen is subjected to either three- 
point or four-point bending. In three-point 
bending, the central load point is on the 
bottom surface under the notch, and the 
latteral load points are on the top surface; 


the loads are normal to the top and bottom 
surfaces. In four-point bending, the central 
load point on the bottom surface is replaced 
by a pair of load points, one on each side of 
the notch. 


3.1.4 DCB = Double Cantilever Beam 

The specimen is notched, and the load is 
applied normal to the crack plane on each 
arm of the specimen at the top surface of the 
specimen. 


3.1.5 DT = Double Torsion 

In the DT method, a notched specimen is 
loaded at four points. Two of the loads are 
applied normal to the front surface at the top 
of the specimen, one load point next to each 
side of the notch. The other two loads are 
applied normal to the back surface at the top 
of the specimen, one load point near to each 
side of the specimen. Evaluation of K,, 
requires the additional knowledge of the 
value of Poisson's ratio for the specimen. 


3.1.6 HI = Hertzian Indentation 

[P. D. Warren, Determining the Fracture 
Toughness of Brittle Materials by Hertzian 
Indentation, Journal of the European 
Ceramic Society, Vol. 15, pp. 201-207 
(1995)] 

A hard sphere is pressed into the surface of 
the specimen to generate ring cracks 
initiating at the edge of the contact zone. 
Fracture toughness is related to the radius of 
the ring cracks. Additional knowledge of the 
elastic modulus and Poisson's ratio is 
required. 


3.1.7 ICS = Indentation Crack Size 

In the ICS method, a diamond indentor is 
pressed into the surface of the specimen 
under a known load. The indentation 
produces radial cracks extending from the 


vertices of the impression, and the resulting 
crack length can be related to the fracture 
toughness of the specimen. Additional 
knowledge of the ratio, E/H, of the elastic 
modulus, E£, and the hardness, H, is required 
for the evaluation of K,,. 


3.1.8 IS = Indentation Strength 

The IS method involves two parts. First, an 
indentation is made in the specimen as in the 
ICS method. Then, the strength of the 
indented specimen is measured in four-point 
bending. The measured strength and the 
additional knowledge of the ratio, E/H, of 
the elastic modulus, £, and the hardness, H, 
are required for the evaluation of K;,. This 
method has the advantage that the crack size 
does not have to be measured. 


3.1.9 NDC = Notched Diametral 
Compression 
[D. K. Shetty et al., J. Am. Ceram. Soc., 
Vol. 68, pp. c-325 - c-327 (1985)] 
A specimen in the shape of a disk is used in 
the diametral compression test. The load is 
applied along a diameter of the disk. The 
maximum tensile stress develops transverse 
to the load axis. For the NDC, notches are 
machined through the thickness of the disk, 
one notch at each end of the load axis. The 
diametral configuration has the advantage of 
simple specimen manufacture. Additionally, 
values for the elastic modulus and Poisson's 
ratio are required for the evaluation of K,,. 


3.1.10 SCF = Surface Crack in Flexure 

[C. A. Tracy and G. D. Quinn, Fracture 
Toughness by the Surface Crack in Flexure 
(SCF) Method, Ceramic Engineering and 
Science Proceedings, Vol. 15, pp. 837-845 
(1994)] 

In the SCF method, an indentation is made in 
the surface of the specimen, as in the IS 


method, to create an initial crack (called a 
precrack). The surface is then lapped to 
remove the residual surface impression 
leaving only the precrack in the surface. The 
strength of the specimen is then determined 
in four-point bending. The size of the 
precrack is determined by post-test 
fractography. K,, is evaluated from the 
measured strength, the size of the precrack, 
and a geometric shape factor. 


3.1.11 SENB = Single-Edge Notched-Beam 
A straight notch is cut by means of a saw 
blade or a wire, and the specimen is 
subjected to either three-point or four-point 
bending. In three-point bending, the central 
load point is on the bottom surface under the 
notch, and the latteral load points are on the 
top surface; the loads are normal to the top 
and bottom surfaces. In four-point bending, 
the central load point on the bottom surface 
is replaced by a pair of load points, one on 
each side of the notch. SENB results may 
overestimate K,, and may have lower 
reproducibility than other methods because 
the notch tip is not sharp. 


3.1.12 SEPB = Single-Edge 

Precracked Beam 
SEPB is a variation on the SENB test. Prior 
to testing, the specimen is stressed so that 
the notch is extended in the form of a sharp 
crack. Additional post-test fractography is 
required to assess the initial crack size. 


3.1.13 SR = Short Rod 

[L. M. Barker, Engineering Fracture 
Mechanics, Vol. 9, pp. 361-369 (1977)] 
The SR method is a variation on the DCB 
method. The SR specimen is a rod with a 
diameter that is typically two-thirds the size 
of the length. A V-shaped notch is cut into 


one end of the rod. A pretest load creates an 
initial crack in the specimen in the region of 
the vertex of the V-shaped notch. The 
precrack is stable if the crack length is less 
than a critical length, a,. A distinctive 
feature of this test is that a, is essentially 
independent of the material being tested if 
the size of the plastic zone in the crack 
region is small compared to the dimensions 
of the specimen. Once a, is determined for a 
given configuration, the fracture toughness is 
determined by the peak load at fracture. 


3.1.14 TDCB = Tapered Double 

Cantilever Beam 
[C. St. John, The Brittle-to-Ductile 
Transition in Pre-Cleaved Silicon Single 
Crystals, Philosophical Magazine, Vol. 32, 
pp. 1193-1212 (1975).] 
The TDCB method is similar to the DCB 
method except that the sides of the specimen 
are tapered such that the distance between 
the sides at the top surface is less than the 
distance at the bottom surface. The tapered 
configuration produces a higher stress 
intensity for lower applied stress than in the 
DCB configuration; the result is a reduction 
of plasticity in regions away from the crack 


tip. 


3.1.15 WOF = Work of Fracture 

[H. G. Tattersall and G. Tappin, Journal of 
Materials Science, Vol. 1, pp. 296-301 
(1966).] 

The WOF method is similar to the CNB 
method except that the load vs. displacement 
curve is measured and integrated to 
determine the work done in fracture. 
However, since this procedure determines 
the total work of fracture, there is an open 
question of how this value is related to y. 
WOF values are included in this compilation 
for completeness. 


3.2 Property Symbols 
The following symbols are used in the 
comments portion of the data tables. 


K,, = Fracture toughness 

E = Elastic modulus (Young's modulus) 
H = Hardness (Vickers, unless noted) 

v = Poisson's ratio 

Tc = Superconducting critical temperature 


3.3 Units 

SI units, unit symbols, and unit prefixes are 
used exclusively. For a comprehensive 
discussion of the use of SI units, see "Guide 
for the Use of the International System of 
Units (SI)," by B. N. Taylor, NIST Special 
Publication 811. 


3.4 Uncertainties 

No attempt has been made to assign 
uncertainties to the individual values 
obtained from the literature. A survey of 
data in the NIST Structural Ceramics 
Database [Standard Reference Data 
Program, NIST, Gaithersburg, Maryland 
20899] indicates that relative combined 
standard uncertainties in the range of 5 % to 
15 % are not unusual for fracture toughness 
measurements. Exceptional cases having 
reported uncertainties as low as 1 % or as 
high as 30 % can be found, but such cases 
are very unusual. For a comprehensive 
discussion on estimates of uncertainty, see 
"Guidelines for Evaluating and Expressing 
the Uncertainty of NIST Measurement 
Results," by B. N. Taylor and C. E. Kuyatt, 
NIST Technical Note 1297. 
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